Introduction
Reactive oxygen species are formed by cells in the course of biochemical redox reactions, in-\'()Iving oxygen as part of the normal metabolism . In addition, exogeneous stimuli like UV light or ionizing radiation lead to the production of free radical species. Furthermore, phagocytes and various other immunocompetent cells form and release reactive species as part of their cytotoxic repertoire to guarantee self integrity under conditions of oxidative stress. Due to overwhelming formation of reactive species, a series of antioxidative defense mechanisms is established in cells, including low molecular mass compounds like ascorbic acid, tocopherol, or reduced glutathion, detoxyfYing enzymes, e.g., superoxide dismutase, and a set of repairing enzymes, restoring damaged DNA. For homeostasis, cells have to maintain an appropriate balance between oxidative and antioxidative processes. Overproduction of reactive species or, respectively, diminution of the antioxidative repertoire causes o xidative stress which may lead to cell death and tissue injury.
Large quantities of reactive compounds are produced during immune reactions, hence the overproduction of free radicals and, respectively, oxidative stress are implicated in a variety of quite heterogeneous diseases, e.g. rheumatoid arthritis , adult respiratory distress syndrome, cystic fibrosis, § Author to whom correspondence should be addressed . * Dedicated to the 70 th birthday of Prof. Wolfgang Pt1ei · derer, Konstanz, Germany artherosclerosis, cardiac diseases, or inflammatory bowel disease .
Recent studies provide evidence that pteridine derivatives are able to interfere with redox systems and hence may influence cell homeostasis and intracellular signal transduction pathways.
Neopterin
Neopterin is produced in large amounts by activated human monocytes/ macrophages (1 ). The enzyme GTP-cyclohydrolase I converts the nucleotide guanosinetriphosphate (GTP) to form 7 , 8-dihydroneopterintriphosphate (Fig. 1) . The latter intermediate is transformed by 6-pyruvoyltetrahydropterin synthase ( PTPS) and sepiapterin reductase to 5,6,7,8-tetrahydrobiopterin , an essential co-factor for certain mono-oxygenases (2), e . g ., phenylalanine-and tyrosine hydroxylase, tryptophan-5-hydroxylase, and for nitric oxide synthase (NOS ) ( 3, 4) . In various cells, GTP-cyclohydrolase I activity can be stimulated when exposed to the cytokine interferon-y (IFN-y). Thereby in most cells tetrahydrobiopterin accumulates. In human monocytes/ macrophages, the constitutive activity of PTPS is low, and as a consequence, an excess of 7,8-dihydroneopterin and neopterin over biopterin is produced (5 ). The ratio of 7,8-dihydroneopterin and neopterin is about 3:1 in arterial blood and in urine and about 2 : 1 in venous blood (6, 7, 8 system is stimulated. Together with other cytokines, e.g., tumor necrosis factor alpha (TNF-a), or interleukin 2 (IL-2), IFN -y acts synergistically, enhancing cellular immune response. As a consequence, neopterin derivatives are excreted in large amounts by mOI1ocnes/ macrophages, when the cellular immune s\stem is activated (9) . Along this line, the concentration of neopterin and 7,8-dihydroneopterin in human body t1uids like blood and urine ref1ccts the <lCtivation degree of T -helper cells and monocytes/macrophages within the scope of a comprehensive immunological network (10). Thus, in particular, viral infections, autoimmune diseases and various malignant tumors are associated with increased concentrations of neopterin derivatives (9, (11) (12) (13) . Increased neopterin concentrations indicate cell mediated immune activation, and therefore neopterin is proved as immune system parameter, reHecting the extent and the activity of diseases and predicting prognosis in, e.g., HIV infection or malignant diseases (Table 1) .
Reactive species
The term 'reactive species comprises small oxygen-, chlorine-, and nitrogen-containing molecules, most of which possessing cytotoxic capacity, e.g., hydrogen peroxide (H 2 0 2 ), superoxide anion (0 2 ), nitric oxide (NO), peroxynitrite (ONOO), or hypochlorite (OCl) ( Table 2 , Refs. 14,15).
Reactive species are formed by various cell-types, including phagocytes (16) , vascular endothelial cells (17, 18, 19) , fibroblasts (20) , lymphocytes (21) , and macrophages (221, mostly as secondary products of cellular metabolism, and they may be regarded as a consequence from the utilization of molecular oxygen by aerobic organisms. However, more importantly, large quantities of reactive molecules, in particular superoxide anion and nitric oxide, are (31) . Nitric oxide radical plays an important physiological role in signal transduction, controlling blood pressure by vasodilation (32, 33) , and influencing neurotransmission ( 34, 35) .
Hypochlorite is formed in neutrophil granulo-..:\'tes from hydrogen peroxide and chloride by the ~nzyme myeloperoxidase (36) (37) (38) .
Reactive species formed by non-enzymatic reactions seem to have more cytotoxic character than superoxide anion or nitric oxide. The short lived hydroxyl radical is formed by fission of H 2 0 under influence of ionizing radiation (39) . Also the oxidative cleavage of hydrogen peroxide by iron ( II) leads to the formation of hydroxyl radical and hydroxid anion according to Fenton IS reaction ( 40, 41) :
Hydroxyl radical has a highly oxydizing potential, and it damages nearly all targets in the surrounding of the generation site (39 is generated by consecutive reactions of the abovementioned species, including nearly all oxidation states of oxygen and nitrogen (41) . Due to the fast reaction rates, it is difficult to examine the chemical nature of all these reactive species which are involved in cytotoxic processes.
Peroxynitrite is formed in a very fast reaction from nitric oxide and superoxide anion (42) . Its half life at physiological conditions is 1 s. When peroxynitrite is protonated, a series of extremly reactive species is formed intermediately (43, 44) , and aromatic structures (45, 46) , thiol groups (47), desoxyribose (48) , and lipids (49) are rapidly affected. At physiological pH of 7.4 , the nitrating potential of peroxynitrite has been found to be maximum; the reactive intermediate involved is described as nitronium-like ion, NO/ (50). Actually, 3-nitrotyrosine, the nitration product of tyrosine, has been found in diseases, when the immune system is activated [e.g., in rheumatoid arthritis (51) , severe lung injuries ( 52), or coronary heart diseases (53)], indicating excessive peroxynitrite activity in vivo.
Antioxidative defense
In order to protect healthy tissue from oxidative assault, cells have developed a series of mechanisms to encounter formation of cytotoxic molecules, as ROS are continuously produced. In the first line of antioxidative defense, there are low mass molecules, scavenging free radicals and highly oxidative species . These radical trapping molecules comprise, e.g., a-tocopherol, ascorbic acid, p-caroten, uric acid, bilirubin, and reduced glutathion. Other mechanisms prevent the formation of highly reactive species, for example, superoxide dismutase (SOD) catalyzes the reaction of superoxide to hydrogen peroxide, which, on the one hand, is a stable molecule and can even pass through cell membranes (14) . On the other hand, as mentioned, hydrogen peroxide is able to generate other reactive species, e.g. by myeloperoxidase or by Fenton's reaction . Thus, with the help of detoxifYing enzymes, reactivity even can be transported from the site of generation to sites elsewhere, where cytotoxic potential is required .
Several mechanisms lower the concentration of h ydrogen peroxide : catalase, for example , generates a redox disproportion of hydrogen peroxide , leading to O 2 and H 2 0. Also glutathion peroxidase encounters toxicity by converting hydrogen peroxide and lipid peroxides to harmless molecules . In particular, lipid perioxides are able to initialize radical chain reactions, leading to membran disrupture and cell death ( 54, 55 ) .
Another way to control the deleterious effects of ROS is to withdraw radical forming ions from the sites of ROS production. For example , metal binding proteins like ferritin or ceruloplasmin limit the availability of unbound Fe 2 + and hence may help to prevent the formation of hydroxyl radical (56-58). The back bone of antioxidative defense finally is supplied by repairing enzymes, restoring cell structures, mainly DNA, which has been damaged by excessive oxidative action ( 59 ) . Along this line, dietary uptake of antioxidants (vitamin E, ascorbate) may play an important role for protection from oxidative stress (60) and may thereb~' also reduce the susceptibility for certain human diseases, e.g. cardiovascular disease (61, 62) . Defective absorption of vitamin E has also been found to be associated with neurodegeneration (63 ).
Effects of neopterin and 7,8-dihydroneopterin on redox-mediated processes
Hitherto the physiologic role of neopterin production by monocytes/ macrophages h as remained unclear. In contrast to 5,6,7,8-tetrahydrobiopterin, no specific binding sites of neopterin or, respectively, 7,8-dihydroneopterin on enzymes could have been found. Yet, evidences have accumulated that neopterin and its reduced form have impact on redox-dependent processes. The amount of neopterin released from activated macrophages was found to correlate well with the capacity of these cells to produce reactive species within the scope of the respiratory burst (64) . Several recent examinations proved the potential role of neopterin derivatives to impair the sensitive balance 10 cells benveen oxidative force and antioxidative defense and to modulate, at first glance, diverse physiological pathways. The impact of ncopterin derivatives on redox systems was dePteridines/ Vol. 9 / No . 2 monstrated related to physiological environments and also in cell cultures examining inte ractions of neopterin derivatives with intracellular signal-transduction pathways.
Neopterin derivatives catalyze chemical reactions
Neopterin was revealed to interfere with ROSmediated processes when luminol chemiluminescence was examined: coincubation of h ydrogen peroxide with neopterin diminishes chemiluminescence (65 ). In contrast, at neutral or slightly alkaline pH and in the presence of iron chelator complexes, n eopterin significantly enhances chemiluminescence in a concentration dependent way, whereas 7,8-dihydroneopterin acts as scavanger, extinguishing light emission independent from environmental conditions (66) (67) (68) . It has to be pointed out that tlle addition of iron to h ydrogen peroxide per se diminishes luminol reactio n compared to the ironfree situation . This diminution can be overcomed when neopterin is added . Since iron catalyzes the rapid cleavage of h ydrogen peroxide to form hydroxyl radical (see above), the data may suggest that other reactive species formed from hydrogen peroxide, e.g., superoxide anion are stabilized by neopterin. Neopterin is also an enhancer and 7,8-dihydroneopterin a scavanger of chloramin-T and hypochlorite-induced chemiluminescence (66, 69, 70) , and these effects are independent from iron availability.
. Neopterin is unaffected in these experiments, whereas 7,8-dihydroneopterin is oxidized to xanthopterin. These findings suggest a catalytic mechanism of neopterin to enhance oxidative processes, in contrast to 7,8-dihydroneopterin, the antioxidant capacity of which is concomitant \vith stoichiometrical consumption ( 68 ) . Interestingly, with hydrogen peroxide a high increase of the 7,8-dihydroneopterin concentration reverses the antioxidative potential: concentrations > 0.3 mmol/ L of 7,8-dihydroneopterin enhance chemiluminescence, and this is true in the absence of iron chelators (7 1,68 ). Accordingly, there is data in literature, describing the formation of free radicals, when O 2 reacts with reduced pteridines (72 ) . In this connection, superoxide formed by large amounts of 7,8 -dihydroneopterin may preferenti all y contribute to toxicity.
Also an enhancing effect of neopterin on NOmediated oxidative mechanisms was demonstrated by measurement of chemiluminescence, when luminol was incubated with nitrite plus hydrogen p e roxide. Again, 7,8-dihydroneopterin effectively scavanges this reaction.
In parallel to the chemiluminescence experiments discussed, neopterin also enhances tOXIClt)' of chloramine-Ton Escherichia coli cultures (66) . The number of colonies of E. coli surviving after 30 min incubation with chloramine-T and neopterin is drastically reduced when neopterin is added. In contrast, 7,8 -dihydroneopterin diminishes toxicity by scavanging the effects of reactive intermediates . Accordingly, the number of surviving colonies was significantly higher than in the control preparation.
There are also effects of pteridines on specific enzyme reactions: xanthine oxidase (XOD ) is an iron and molybdopterin containing flavoprotein \\'hich catalyzes the oxidation of hypoxanthine to :\anthine and of xanthine to urate. Reduced pteridines (e.g., dihydroneopterin, tetrahydrobiopterin)
.lS well as oxidized forms, neopterin and biopterin, significantly decrease XOD activity (73, 74) . Reduced pteridines are supposed to inhibit XOD ~ompetitively by blocking the hypoxanthine binding site, whereas the effect of neopterin may be distinct from the reduced derivative . It is possible that neopterin interacts with superoxide anion \\'hich is accumulating during the XOD reaction. It has been described that superoxide inhibits the enz,'me by a kind of a negative feedback regulatory mechanism (75) , and hence neopterin could enhan~e the effect of superoxide anion on XOD.
Further evidence for the influence of neopterin derivatives on the toxicity of peroxynitrite stems from studies of mitochondrial respiratory enzymes isolated from rat brains (76) . Both, neopterin and 7,8-dihydroneopterin, decrease the activit)T of enz"me complex II/ III (succinat cytochome c reductase) of the mitochondrial respiratory chain, (:ontaining succinat dehydrogenase and catalyzing electron transfer to coenzyme Qj. The activities o f complex I (NADH CoQ] reductase) and IV , cytochrome c oxidase) remained unaltered . Treatment of the respiratory chain enzymes with perox-"nitrite diminished the activity of complex I, II/ III, and of citrate synthase, but not of complex IV. The toxic effect of peroxynitrite on these enzyme complexes can be increased b y addition of neopterin, whereas 7,8-dihydroneopterin has detoxifYing effects on peroxynitrite-mediated enzyme inhibition.
Recent chemical studies confirm that neopterin derivatives interact with reactive nitrogen species, in particular, with peroxynitrite. Peroxynitrite is a toxic product from nitric oxide which is formed in.
vivo, when nitric oxide heads with superoxide anion. The nitrating assault of peroxynitrite was examined by nitration of L-tyrosine . Neopterin turned out to increase the nitration rate of tyrosine significantly in a slightly acidic environment, when the conditions of the nitrating reaction are suboptimum (77) . This circumstance may become even more relevant by the fact that the pH declines in inflamed tissues. A catalytic interaction of neopterin on the nitration of tyrosine by peroxynitrite can be assumed . In contrast, 7,8-dihydroneopterin lowers the rate of t)'rosine nitration. Obviously, the radical-scavenging attributes of the reduced pteridines also affect nitrating agents, and this may demonstrate the broad range of reactive compounds which can be modified by neopterin derivatives.
All these data show that neopterin derivatives have potential impact on redox-controlled processes. However, it remains unclear so far, b y which extent neopterin derivatives may influence redox-sensitive reactions in. vivo, because of the complex interactions during immune response , implicating cytokines, ROS, and antioxidative defense mechanisms. It has to be kept in mind that neopterin and 7,8-dihydroneopterin may increase or decrease ROS-mediated effects during immune response since both compounds are always released in parallel (Fig. 2 ) . The environmental conditions may decide whether the enhancing or scavening impact of neopterin derivatives will become more important. The finding that neopterin derivatives have potential to interfere with redox -sensitive reactions and may be part of the defensive armature of the activated macrophage, raises the question, why human/ primate macrophages may have developed this additional strategy . As human monocytes/ macrophages in contrast to non-human cells are hardly to be stimulated by IFN -y to produce nitric oxide, neopterin may be directed to compensate the relative deficiency of human macrophages to produce physiologically necessary nitric oxide (78, 79 ) .
Oxidative stress and intracellular signal transduction pathways
Cellular survival depends on a delicate balance between oxidative forces and antioxidative defense mechanisms (80) . Overwhelming production of reactive species and/or depletion of antioxidants result in oxidative stress. Whereas mild oxidative stress can be compensated by diverse antioxidants, restoring the redox balance, overwhelming and chronic formation of reactive species may lead to irreversible injuries, including DNA strand breakage, base and sugar modifications (81), lipid peroxidation (19, 82) , rise of intracellular Ca 2 + (83, 84), decompartmentalization of catalytic metal Ions (85), damage of membrane ion transporters, e.g., K + (86 ), and, in general, inactivation of essential enzymes (25, 87 ) . In the course of an extended immune response, formation and excretion of ROS increase during the oxidative burst (88,89). The incidence of oxidative burst in the course of inflammation and immune activation is closely correlated with the expression of TNF-a. (90) (91) (92) , a cytokine preferentially released fi-om activated monocytic cells . Also the excretion of neopterin correlates with the occurence of oxidative burst, suggesting neopterin as indirect marker for ROS production in humans . Oxidative burst leads to a strong disturbance of the redox balance.
Various intracellular signal transduction pathways have been demonstrated to be influenced by redox imbalances (Table 3) . Reactive species influence the expression of the nuclear factor (NF)-KB (93) and cause accumulation of p53 (94), a signaling protein which is associated with programmed cell death, the so-called apoptosis . In contrast to necrosis, apoptosis is an active biological process, following a distinct genetically determined program. Apoptosis takes part to balance growth and death rates in a cell population and is characterized by internucleosomal cleavage of DNA strands, cell shrinkage with a distinct morphologic form, cell membran disrupture, and chromatin condensation (95) . Oxidative stress is a potent trigger of signal transduction pathway for apoptosis (96) (97) (98) ; hence an equlilibrium of redoxactive agents seems to be necessary for maintai- ( 129 ) nance of cell homeostasis. In particular, low doses of hydrogen peroxide have been found to induce apoptosis (71, 99, 100) . Regulatory poteins (e.g., protein kinase C) (101, 102 ) and/or intracellular Ca2+ -levels (103, 104) controlled by the redox balance may crucially trigger apoptosis. In contrast, antioxidant defense mechanisms, e.g. SOD, catalase or certain cellular genes, like Bel -2 (105, 106) reduce the rate of apoptosis.
An augmentation of NF-K13 production in peripheral blood mononuclear cells and macrophages has been described under influence of oxidative stress (93, 107) . Moreover, activation of NF-K13 may itself contribute to enhance oxidative stress because cytokines like TNF-a, and also inducible nitric oxide synthase will be upregulated, e.g., the promotor of the latter enzyme contains two putative binding sites for NF-l(B (lOS) . In combination with IFN-y as prosthetic group for iNOS, ~F-KB seems to crucially contribute to NO-mediated cell toxicity in the case of cellular immune activation. As nitric oxide may enfold reasonable oxidative potential via peroxynitrite, NF-lCB may be a mediator of an enhancing signal transduction cascade, which in sum aims to immune activated states and, respectively, promotes apoptotic pathways.
Effects of neopterin derivatives on intracellular signal transduction pathways
Several redox-sensitive intracellular signal transduction pathways can be influenced by neopterin derivatives. Neopterin inhibits the gene expression for the hormon erythropoietin (109). This finding corresponds perfectly with correlations found earlier between increased neopterin and decreased hemoglobin levels in various chronic disorders like infections and cancer (110). N eopterin and 7 ,Sdihydroneopterin induce the proto-oncogene c-fos ( 111), a well known promotor of tumor development and growth. This observation sheds some new light on the earlier findings that increased neopterin in patients with cancer is associated with more rapid disease progression and earlier death (13) . Enhanced oxidative stress may support malignant transformation and growth.
In a monocytic cell line, U937, lower concentrations « 300 /lM) of 7,S-dihydroneopterin decreases TNF-a-mediated apoptosis, but 5 mM of the reduced pteridine superinduces TNF-a-mediated apoptosis (71) . In addition, neopterin and 7, 8-dihydroneopterin were shown to induce apoptosis in rat alveolar cells. The effect of neopterin to induce apoptosis was similar to that of the cytokines IFN-y and TNF-a, moreover co-incubation of the cytokines TNF-a and IFN-y with neopterin further enhances the rate of apoptosis (100). Furthermore, it has been found that neopterin activates TNF-a, which per se induces immune response, and oxidative burst (112) . Interference of neopterin derivatives in signal transduction pathways may be assumed. Considering that ROS are apoptosis-inducing agents and, additionally, neopterin derivatives are known to interfere with reactive oxygen intermediates, the conclusion seems conceivable that neopterin and 7,8-dihydroneopterin exert impact on the cell homeostasis via reactive species, which may be produced in, e.g., alveolar cells under suboptimum conditions in cell culture (7S). The influence of neopterin derivatives on apoptosis supports the hypothesis of a complex control mechanism of proliferation and cell death in the course of immune activation (SO). Thus, neopterin may be regarded as link in a complex signaling network within the scope of immune response ( 113) . Neopterin is also an activator of inducible nitric oxide synthase (iNOS) in rat vascular smooth muscle cells (114) , whereas 7,8 -dihydroneopterin inhibits the induction of iNOS gene expression. Nso an activation of the nuclear factor NF-K13 with neopterin stimulation has been described (12, 115) which may explain the effect of neopterin to induce iNOS, because iNOS gene expression is presumably linked with NF-l(B (see above). Noteworthy, the impact of neopterin on NF-l(B induction can be blocked by the reductant pyrrolidine dithiocarbamate. Thus, the effect of neopterin is most likely due to enhancement of oxidative stress . The induction of NF-l(B is additionally of great interest, since expression of vari0us cytokines and virus transactivation of, e .g. HIV, is regulated via this nuclear factor. Similarly, 7,8-dihydroneopterin was found to activate the HIV promotor ( 12).
In conclusion, neopterin can be regarded as a sensitive marker for oxidative stress in the human organism. The present data also provides evidence that neopterin derivatives may interfere with redox-sensitive systems and hence may modulate the balance of pro-oxidative assault and antioxidative defense . Other pteridines may have similar effects, but as neopterin and 7,8-dihydroneopterin are produced in high concentrations during cell mediated immune response in humans, it appears conceivable that neopterin derivatives are part of a controlling mechanism provided by immuno-competent cells to affect the cytotoxic potential of ROS and certain reactive nitrogene species, e.g. peroxynitrite. At the site of inflammation, high amounts of neopterin plus dihydroneopterin are released in parallel to short-lived reactive species. Consequently, neopterin derivatives may effectively modulate the function of cell-damaging ROS. This assumption carries weight, regarding that neopterin derivatives are exclusively produced by human and primate macrophages/monocytes upon stimulation with IFN -y which, on the other hand, is obviously not able to stimulate sufficiently iNOS in human macrophages. Neopterin is capable of modifYing the cytotoxic effects of constitutively produced NO, and hence the cytotoxic function of NO in humans is apparantly upregulated via neopterin in contrast to other vertebrates where the quantity of NO, mediated by IFN-y stimulation, is crucial for its toxic effect. This conclusion is further supported by the close relationship between increased neopterin concentrations and the activity of diseases in which oxidative stress is considered to play an important pathogenetic role like autoimmune disorders, neurode generative diseases and malignancies.
